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A scanning microellipsometer for the spatial characteriz”.tion of thin films”

D. J. Dunlavy, R. B. Hqmmond, and R. K. Ahrenkiel

Los Alamos National Laboratory
Group E-10, MS 430, Los Alamos, NM 87545

A polarization-modulated ellipsometer was constructed to investigate the optical prop-
erties of surfaces and transparent thin films. In the latter case, the measurement gives a
unique determination of the index of refraction n rind film thickness t. Using z HeNe laser
light sc~rce, the beam was focused to a spot size of 50 um. By stepping the sample across
the focal point of the laser beam in both x and y directions, tne spatial uniformity could
be measured.

This apparatus was particularly useful for optical profiling laser-annealed oxide films
grown on GaAs. A new technique for laser annealir,g native oxides on GaAs produced the need
for observing spatial structure with spatial resolution of less than 100 pm. Here the laser
pulse produced a !Icratertl in the oxide due to localized healing and subsequent densification
of the film (Figs. 1 & .?). This technique allows profiling of film index of refraction and
thickness across the iaser irradiated area--a bout 2 to 3 mm in our case, A number of appli-
cations in microelectronics are suggested,
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Pip,, 1. photo of crater area, the lar~;r dots Fig, ?0 ScRnning electron microscope plct,ure
are aluminum contacts for capfl:lt.{nce of crt+ter rim running from 10I er lo~t
probing and are ().r) mm in rll~~rleter, to u~~p~r ri~ht., Location fr(m Tiv. 1

is lower rifr,ht qu~ctrflnt,

l;llipsomot.ry in the study or t.ho polarized light reflected frc]m a surfn,’v ni 10rlnor13ill
tnciderlce. A Fresnel tinnlysis of thr ellipsoid of polarization produces thr (pticnl cotl-
~tnn’.:~ of’ th? rcflcctinp, Surfar!t?. F’rl a thin, tronspnrent film on n rof’lert irlp substrhte,
vllipsometrir, mcasuremnnts pr(jrj~j(!c p~lramctprs related t,c} the film inrterr of rvl’, act inrI Rnd

t}~ickncss. (Ref. 1, pg. 2’12)
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Analysis of the contour produced by laser annealing required

(a) a beam dimension of less than 100 pm at the surface under investigation;

(b) translation of the sample in order to profile the crater;

(c) rapid data acquisit~nn for a scanning measurement, and

(d) infrequent calibration,

The first two requirements are accomplished with focusing lenses and a calibrated mechan-
ical translation. The regions to he measured are moved stepwise to the focal point of the
lens. A measurement is completed in several seconds and a new portion of the sample is
stepped into positiofi. This procedure is continued until the desired profile is completed.

To meet the requirements (c) and (d), the polarization-modulation technique of Jasperso~
et al. is used. The polarization modulator is the key element of the system. Here an
isotropic optical element is mechanically coupled to a piezoelectric quartz oscillator.
S;ress waves are induced in the optical element at the resonant mechanical frequeflcy of the
system and stress birefringence produces elliptical polarization of the optical beam at the
modulation frequency. (Ref. 1, pg. u15-u16, also Refs. 2 6 3)

Here the optical element is fused silica and the driving frequency is 50 kHz. Tne elec-
trical voltage on the quartz crystal is adjusted to give a maximum phase retardation of ap-
proximately 90 deg.

The instrumental configuration shown in Fig. 3 uses the following components:

● Light source was & HeNe laser operating at 632.@-nm wavelength,
● Mechanical chopper
● Microscope objective to expand the beam,
● Single-element biconvex lens to focus on a 5CI-pm pinhole
● Pinhole, 50 pm
● Linear polarizer
e Modulator
● Single-element lens with field stop to focus the beam on the sample
● Surfac* under ~nvest~gat~on on tl;e vacuum chuck translator substaF,e
● ‘+ingle-element lens to focus the reflected bearr through the analyzing polarlzer
● Analyzing pol~rizer
● PIP: photodiocte detector with an interference filter and circular polarlz~r att.acl:i:
● Three lock-in arxpllfiers
● F’lcrocomputer cistern

The si~r,al from the detector’ has three frequency compc]nents that are measur~d I]cre.
(Per. 1)

● Mechanical chopp?r frequency
● Fundam(nt81 frequency (5(’ k}{z)
● First harmonic frequr!nry (100 kt{s~

&i!u..Au.uA.QLi9Jl

The three components are ench sylirhronouslv detected and demodulated by lock-in iir,[li-
(’lers whose dc outputs are s~mplcd (in a~] interlaced manner) by fin ~n~log-to-(l!gitiil COII-
vert~r under the cont,rc~] of the microcomputer. The output of the m,icrocomi,utcr connlst$ of’
two angular v~lues )thich are the ellipsometrtc paramctcrn J (psi) and S (delta).
these parameters,

L13ing
the optical con~tants cf the sample can be cal(!ultitcd,

To determine 4 and A, a computer proarum was duv?lop~d, which rcqu~res two enl~irat i~n
readings. Calibration readings were tak@n ev@ry 2(I dntn rcadinKs of 4 and A, Thr firs!
calibration is made by lnscrtlng a linear polarizor into the benm between tho MOdL)lflt.Or t,n(}
the sample. Signals at the chopper frequency and fir:~t harmonic (1OO kllz) arc recorded an,!
stored in the computer. T’hr s?cond calibration is mnde by ins~rt,ing n ounrtor-wnvr plate
b?tween the modulator and the lineer pol~r~zor. Here the f’irst harmonlr ~nd cho~l,rr
components are rccordect and stor+d. For’ n snmplc rending, both th~ Ijnpor pc)lttrjzcr ‘Ind t)lr
quarter-wave plate are removed, and the funtament~l, first harmonic, and rhopp~r fPr(lLIVll(,y
values are read into the Compi)ter.
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Fig. 3. Schematic diagram of system.

The following ●quations relate the series of readings to the ellil-sometric parameters.
(Ref. 1, pg. 260-262) The lock-in voltages for the first hormonic, second harmonic, and
chopper frequencies are labeled V@, V2@, Veh, respectively.

‘Z.,’vch❑ ‘1 First calibration readings

V@/Vch : B2 Second calibration readingn

‘2w’vch = ‘1 ] Sample readinEm
Vw/Vch = A2 )

a,ld

At the time of’ ini:inl calibration and alignment, the phnsing of ●ach amplifier 1S standard-
ized in such a ❑ nnner that for all subsequent sanplos the output polarit~ is ustd to deter-
min? the prop?r angula;” ranges for d nnd A. Tht aiRn of V2W ia used to determine if J la
less than or greater .han 45 deg.

The ai~n of the V@ sl~;;; lndicatea whether J in to be found between O and lRO d@R or be-
tween 180 ●nd 360 deg. i #es on~ valur for d and two posslhlr values for ~, only f
or which 13 correct.

Figure 4 in assumed tc be the corroct model of the sy~t~m under investigation. Uh~rc N
is the inder of refraction of the material, e l!I the angl~ of lncidenc~ or refrnrtion, nnd A

1s the wavelength of the incident light. In general, No ■ 1, N, 1s real, N2 in complex, and
D is film thickneaa.

The baalc parameters for this syatcm nre:

The Freun@l reflactio,l cocfficlerrtn for parHll@l nnd perpendlculor compcnent.n.

‘1.co:.%.:.N4,w?J
‘o 1 ‘ ii, C08~ + No COH@l

‘Q .co!.%. :...l.:oqoq
‘o 1 ‘ No cm~, + N, COntl
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Fig. 4. Ideal model of system to be measured.

N COS$ - N CO:~ N COSdI1 - N COSUI

’12 = N2 COS@l + N, C05@2 ’12 = N1 COSO1 + N2 C0s@2

With Drude!s fclrmula giving the relationship between the el]ipsometric parameters, J and

A, and the basic F,arameters:

tandei~ =
~+ P12X)(1

..._.=ifll.zu
(1 + PO, P,~x) (so, + ~lpx)

where

x = exp
{[
-i h.(1)/\)(N: - N: sin2 dIO)

1/2
.1}

A program was written using an iterat

N1’ D

when these values were known:

NO) O., N2~ A, J,s

ve technique to determ ne the following values:

As stated above, the measurement produces two values of A but only one corresponds to the
physical situation; Also, as more than one value of thi(!kness can havt? the same 4 and J
associated with it, the operator must hav~ an estimate of the thickness or index of refrac-
tion. When both values of J give answprs that are possible, a change in the angle of inri-
dence will resolve the amL{r,uity.

Variations in the angle of incidet]ce caused two types of errors in determining $ and A in
this experiment, The first source of error was due to the slope in the laser-annealed spot.
This error was negligible except near the “crater” edges. The anomalies occurrinp, there are
evident in the data. The second source of error arises from the use of a convergent light
beam, Here, in effect, there is a range of incident angles. The net J and A deL.ermined aro
thus only an approximation to the reel $ and J, which would be determined !~sing a collimated
light source at the “average” angle of incidence, 70 deg. Svitashev et al., (Ref. U) have
analyzed in detail the errors arising becnuse of this. We have used the results of computer
simul~tions and also comparisons of measurements made with both collimated and convergent
light. brt!mn on spatially uniform samples. In this way, for the syatt?m under investigation
we have es.timnted our error to bc +1% in both thickness and refractive jndex for the:~e
films.

MNJ.lh

Using this tccl,nlqur, t,hv opticnl c:onstant,s and physical thicknpss of an arch can ho
profilrd in detail, PS ~hown in FIP,. ‘~. Other meosurcm~l~t methods ll~ve bocn uned and
support the dntn produ cd by this m~tllod, os shown in FIR. 6. ]n particular, ion hnck-
ucatterinp, confirms thr relntivc chanp,~n in oxidt! thjckn~cs.
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FiR. 5. Optical profile cf one wdll and Fig. 6. Profile as obtained from the
through center of crater, Laboratory nuclear microprobe.

This technique is useful f,or the spatial characterization of thickness, optical con-
stants, ard homogeneity of a sample. Although the system is somewhat expensive and diffi-
cuit to construct and align, accurate results are produced.

Further refinement in the apparatus that may be valuable are:

Q Comp~ter-cent.rclled insert!on and removal. of the calibration polarizers
● computer-controlled stepping of sample
● Achromatizing the optical elements and the use of a monochrometer for spectral as

WC1l as spntial characterization of the sample.

wJ!LJ&dJMWM
We wish to thank Leonard Levinson for the scanning elecLron microscopy (Fig. 2).
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